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Introduction {#sec1}
============

Endogenous circular RNAs (circRNAs) were first observed as scrambled exon transcripts ([@bib17]), and these transcripts were found to have circular structures with covalently closed ends ([@bib3]; [@bib4]). For two decades, however, they were disregarded as rare oddities, or regarded as poorly expressed mis-spliced products.

High-throughput sequencing of full transcriptomes (RNA sequencing; RNA-seq) has identified thousands of circRNAs in eukaryotes, and these are now considered common by-products of many protein-coding genes ([@bib20]; [@bib9]; [@bib16]). The significance of the vast majority of circRNAs remains unknown; however, some circRNAs have important biological functions. For instance, certain circRNAs control the stability and activity of micro RNAs (miRNAs), regulate transcription or alternative splicing, affect translation of host genes, or can even be translated and produce proteins themselves (reviewed in [@bib25]). ciRS-7 (also known as CDR1as) was one of the first functionally annotated circular RNAs. It is conserved among mammals and is mainly expressed in the brain. ciRS-7 has many binding sites for a particular miRNA, miR-7, and a single binding site for miR-671 that triggers Argonaute2-catalyzed slicing of ciRS-7 ([@bib7]). *In cellulo* experiments suggested that ciRS-7 may function as a sponge, or decoy, that reduces the available free miR-7 and thus prevents repression of miR-7 targeted mRNAs ([@bib6]; [@bib16]). Knockout mice lacking the ciRS-7 genomic locus down-regulated miR-7 in the brain, suggesting that ciRS-7 has a role in stabilizing or transporting miR-7 ([@bib18]). As a result, the ciRS-7 knockout mice had impaired sensorimotor gating, which is associated with neuropsychiatric disorders.

Recent gene editing experiments revealed a comprehensive regulatory network in mouse brain between a long non-coding RNA (lncRNA), circRNA, and two miRNAs ([@bib12]). This network involves the Cyrano lncRNA that promotes the degradation of miR-7, which in turn enhances the miR-671-directed degradation of ciRS-7, meaning that Cyrano causes an accumulation of ciRS-7. ciRS-7 is apparently a key component in a gene-regulatory network in the brain, but understanding the biosynthesis and transport of this particular circRNA remains an important challenge.

It is particularly important to understand the biosynthesis of endogenous ciRS-7. In an artificial ciRS-7 expression vector, the insertion of 800 nucleotides (nt) of perfectly complementary sequences into flanking introns is technically sufficient to circularize ciRS-7 ([@bib6]); however there are no such extensive stretches of complementarity found near the endogenous ciRS-7 exon. In human, the pairing of inverted *Alu* repeats, a primate-specific repetitive element, has been shown to promote direct back-splicing in a subgroup of circRNAs ([@bib9]; [@bib15]; [@bib27]; [@bib24]; [@bib29]). Here we showed that highly conserved mammalian-wide interspersed repeat (MIR) sequences, but not *Alu* sequences, in the flanking introns of the ciRS-7 are required for back-splicing to generate the circular RNA structure. Bioinformatics analyses followed by reporter assays furthermore identified additional distinct circRNAs generated by inverted MIR sequences. Here, we demonstrate that a subset of mammalian circRNAs are generated by mammalian-wide MIR-mediated back-splicing.

Results {#sec2}
=======

Experimental Evidence Supports ciRS-7 Generation through Back-Splicing {#sec2.1}
----------------------------------------------------------------------

Two major circRNA biosynthetic pathways, "Intra-lariat splicing pathway" and "Back-splicing pathway," have been proposed ([Figure S1](#mmc1){ref-type="supplementary-material"}A; reviewed in [@bib8]; [@bib25]). Both pathways involve a splicing reaction between downstream 5′ and upstream 3′ splice sites of the circularized exon(s); however, this splicing event occurs either directly on the loop structure formed via the flanking intronic complementary sequences in a Back-splicing pathway, or on the lariat-structure generated by exon-skipping splicing in an Intra-lariat splicing pathway ([Figure S1](#mmc1){ref-type="supplementary-material"}A).

To determine the pathway used to generate ciRS-7, we first examined the ciRS-7 precursor transcript (∼80 kb) that includes six non-coding exons and five introns ([Figure S2](#mmc1){ref-type="supplementary-material"}). The last exon contains the entire ciRS-7 sequence, and we identified new flanking alternative 5′ and 3′ splice sites ([Figures S1](#mmc1){ref-type="supplementary-material"}C and [S2](#mmc1){ref-type="supplementary-material"}). We could detect closed circular form of ciRS-7 (C) together with several linear spliced products (M) due to multiple alternative 5′ and 3′ splice sites ([Figure S1](#mmc1){ref-type="supplementary-material"}B). The precursor transcript (P) was also detected, and this could overlap either the lariat precursor (L1) from Intra-lariat splicing pathway or the looped form of precursor (P′) from Back-splicing pathway ([Figures S1](#mmc1){ref-type="supplementary-material"}A and S1B).

The two possible pathways can be distinguished by blocking of specific splicing events using antisense oligoribonucleotides (ASOs). The ASOs 1 + 2 targeting the flanking 5′ and 3′ splice sites of ciRS-7 exon ([Figures S1](#mmc1){ref-type="supplementary-material"}A and S1C; blue bars) can prevent circular ciRS-7 generation via both pathways and thus serve as the positive control ([Figure S1](#mmc1){ref-type="supplementary-material"}A). In contrast, the ASOs 3--6 targeting alternative 5′ and 3′ splice sites outside of ciRS-7 exon (red bars) can prevent the exon-skipping and the following circular ciRS-7 generation in the Intra-lariat pathway ([Figure S1](#mmc1){ref-type="supplementary-material"}A; left panel). However, in the Back-splicing pathway, these same ASOs 3--6 cannot interfere with the back-splicing event and would therefore allow circular ciRS-7 generation ([Figure S1](#mmc1){ref-type="supplementary-material"}A; right panel). We found that ASOs 1 + 2 significantly repressed ciRS-7 production (given the efficiencies of transfection and annealing of ASOs), whereas none of the ASOs 3--6 inhibited ciRS-7 production ([Figure S1](#mmc1){ref-type="supplementary-material"}D). These data thus imply that the Back-splicing pathway but not Intra-lariat pathway produces circular ciRS-7 ([Figure S1](#mmc1){ref-type="supplementary-material"}A).

To further validate this finding, we made a genomic deletion of the same relevant splice sites by CRISPR-Cas9-mediated technology ([Figures S3](#mmc1){ref-type="supplementary-material"}A and S3B). The deletion of either the alternative 5′ splice sites (between gRNA2 and gRNA3) or the 3′ splice sites (between gRNA4 and gRNA5) outside of ciRS-7 exon barely prevented the generation of ciRS-7 ([Figure S3](#mmc1){ref-type="supplementary-material"}C), confirming that circular ciRS-7 is biosynthesized through the Back-splicing pathway but not through the Intra-lariat pathway.

The ciRS-7 Locus Is Flanked by Inverted MIR Sequences {#sec2.2}
-----------------------------------------------------

Since our results demonstrated that the Back-splicing pathway but not the Intra-lariat splicing pathway is responsible for generating ciRS-7, we first searched for the inverted *Alu* elements thought to be required for the Back-splicing pathway. Using the UCSC RepeatMasker (in human hg19 coordinates) we identified two human *Alu* elements upstream of ciRS-7 within exon 5 and exon 6 ([Figure S4](#mmc1){ref-type="supplementary-material"}) but found no downstream *Alu* element that could generate the required base pairing around the ciRS-7 exon. Therefore, flanking inverted *Alu* elements are unlikely to account for the generation of ciRS-7.

However, we did find two relatively conserved regions upstream and downstream of the ciRS-7 exon in an inverted orientation that are conserved both in human and mouse ([Figure 1](#fig1){ref-type="fig"}A). These regions overlapped with MIRs, an ancient short interspersed nuclear elements (SINE) family conserved among mammals and marsupials ([@bib10]; [@bib14]). We found significant complementarities in these inverted pairs of MIRs (analyzed later), suggesting that ciRS-7 could be generated via a back-splicing pathway facilitated by inverted MIRs.Figure 1The Production of ciRS-7 Depends on Inverted MIRs in the Flanking Regions(A) The ciRS-7 locus (human/mouse ciRS-7) and the identified conserved inverted MIR elements (MIRs with the lengths are indicated). The complementarity of these inverted MIRs was modeled in [Figure S8](#mmc1){ref-type="supplementary-material"}. The vertebrate base-wise conservations of human (upper) and mouse (lower) genomic sequences around the ciRS-7 precursor are displayed in the UCSC Genome Browser (GRCh37/hg19 version).(B) Schematic structure of ciRS-7-expression plasmids. Transcription is driven by a CMV promoter, and an arrow denotes the initiation site. The tetracycline response element (TRE), inverted MIR elements, ciRS-7 coding exon (ciRS-7) are indicated. Red triangle indicates the positions of PCR primers used to detect ciRS-7 and its precursor, respectively.(C) Detection of ciRS-7 from expression plasmid in stably transduced HEK293 cells. The cells were treated with DOX and extracted total RNA was analyzed by Northern blotting (left panel). 28S rRNA was visualized by ethidium bromide staining as a loading control. To validate the circular structure of ciRS-7, total RNA was treated with RNase R prior to the Northern blotting analysis (right panel).(D) The effect of splicing inhibitor, SSA, on the production of ciRS-7. The same stably transduced cells described in (C) were treated with DOX (+lanes) followed by SSA addition (+lanes). After 12 h culture, extracted total RNA was analyzed by Northern blotting to detect ciRS-7 (upper panel). Ethidium bromide-stained 28S rRNA was shown as a loading control. The total RNA was also analyzed by RT-qPCR, and the graph shows quantification of the ciRS-7 generation (lower panel). ciRS-7 expression was normalized to GAPDH (ciRS-7/GAPDH) and plotted as ratios to the value of DOX-induced cells. Means ± SD are given for three independent experiments (∗p \< 0.05, NS = not significant).

Inverted MIRs Promote ciRS-7 Biosynthesis {#sec2.3}
-----------------------------------------

To test this hypothesis, we generated a stable HEK293 cell line that expresses a doxycycline (DOX)-inducible 5-kb transcript containing the ciRS-7 exon flanked by upstream and downstream inverted MIRs ([Figure 1](#fig1){ref-type="fig"}B).

The ciRS-7 circular product and its precursor RNA were both detected by Northern blot 24 h after induction with DOX ([Figure 1](#fig1){ref-type="fig"}C, left panel). We verified that the final ciRS-7 product was indeed circular by pre-treatment with RNase R ([Figure 1](#fig1){ref-type="fig"}C, right panel). These results demonstrate that our mini-gene, covering the ciRS-7 exon and its inverted MIRs, recapitulates the endogenous generation of circular ciRS-7. To test if ciRS-7 generation from the mini-gene system is splicing dependent, we used the general pre-mRNA splicing inhibitor Spliceostatin A (SSA) ([@bib11]; [@bib26]). SSA clearly inhibited DOX-induced ectopic ciRS-7 production, suggesting that ciRS-7 is indeed generated by splicing (+DOX lanes, [Figure 1](#fig1){ref-type="fig"}D).

Using this stable cell line system, we next made a series of MIR-deleted mini-genes to analyze the role of MIRs in human ciRS-7 biosynthesis ([Figure 2](#fig2){ref-type="fig"}A). The wild-type mini-gene efficiently generated ciRS-7 ([Figure 2](#fig2){ref-type="fig"}B; WT), whereas the deletion of either the upstream or downstream MIR element (Δ5′MIR, Δ3′MIR, Δ5′3′MIR) and the reversion of the upstream MIR element to the same orientation as the downstream MIR element (5′MIR-RC) seriously impaired ciRS-7 production ([Figures 2](#fig2){ref-type="fig"}B and [S5](#mmc1){ref-type="supplementary-material"}), demonstrating that ciRS-7 generation depends on both inverted MIRs.Figure 2Deletion of Either Upstream or Downstream MIRs Diminishes the Production of ciRS-7(A) Schematic structures of ciRS-7-expression plasmids with or without MIR sequence (see the legend of [Figure 2](#fig2){ref-type="fig"}B for CMV and TRE). Red triangles indicate the positions of PCR primers to detect ciRS-7 in (B).(B) Generation of ciRS-7 from reporters, with or without MIR sequences, in stably transduced HEK293 cells. Total RNA extracted from the DOX-treated cells was analyzed by Northern blotting. 28S rRNA was detected by ethidium bromide staining as a control. The band corresponding to circular ciRS-7 is indicated. The upper bands observed, especially in the Δ5′/Δ3′MIR mutants, were identified as linear precursor RNAs by RNase R digestion and RT-qPCR ([Figure S5](#mmc1){ref-type="supplementary-material"}). Total RNA was also quantified by RT-qPCR (lower panel). ciRS-7 expression was normalized to GAPDH (ciRS-7/GAPDH) and plotted as ratios to the value of control wild-type (WT) plasmid-expressing cells. Means ± SD are given for three independent experiments (∗∗∗p \< 0.001, ∗p \< 0.05).(C) Schematic showing the genomic structure of the ciRS-7 locus with the flanking inverted MIR sequences. The positions of guide RNAs (gRNA1--gRNA4) to delete each MIR element are indicated with red vertical arrowheads. PCR primers for detecting deleted sites are indicated with filled triangles.(D) The genomic deletions of the flanking MIR elements in SH-SY5Y cell clones were verified by genomic PCR. The indicated two pairs of gRNAs were used to delete the 5′ and 3′ MIR elements. PCR primers indicated in (A) were used to detect the MIR deletion. Open and filled triangles point to the deleted (KO\#1, KO\#2) and non-deleted (Control) alleles, respectively.(E) The effect of the homozygous MIR deletions (5′MIR KO and 3′MIR KO; \#1,2 denotes cell clones in D) on ciRS-7 production was quantified by RT-qPCR. ciRS-7 expression was normalized to GAPDH in the same clones (ciRS-7/GAPDH). Values are relative to the value of control wild-type clones (WT). Means ± standard deviation (SD) are given for three independent experiments (∗∗∗p \< 0.001).

Finally, we used CRISPR-Cas9-mediated editing to delete the endogenous MIR sequences in the neuronal SH-SY5Y cell line. Two guide RNAs (gRNAs) sets were designed to target the boundaries of the 5′ and 3′ MIR sequences ([Figure 2](#fig2){ref-type="fig"}C) and co-transfected with the Cas9 expression vector to delete the MIRs. The efficiencies of targeted genomic deletion were determined by PCR analyses using primers flanking the targeted regions and the PCR-amplified fragments were resolved by gel electrophoresis ([Figure 2](#fig2){ref-type="fig"}D). We observed that circularization was markedly inhibited when either the upstream or downstream MIR sequence was deleted ([Figure 2](#fig2){ref-type="fig"}E). Together, we conclude that the ciRS-7 is generated via the back-splicing pathway promoted mainly by its flanking inverted MIR sequences.

Other MIR-Dependent and MIR-Independent circRNAs Were Identified {#sec2.4}
----------------------------------------------------------------

Since MIRs are ancient SINEs and ubiquitous in mammalian genomes ([@bib10]), we speculated that the utilization of MIRs in promoting back-splicing to generate "MIR-dependent" circRNAs could be a globally conserved strategy rather than a gene-specific event.

Upon bioinformatics analysis, we indeed found that MIRs neighboring ciRS-7 are conserved among Primates, Euarchontoglires, Laurasiatheria, Afrotheria, and Armadillo. Here, we show the maps of ciRS-7 with the MIRs of human and mouse ([Figure 1](#fig1){ref-type="fig"}A). We went on to search for other potential MIR-dependent circRNAs. Using the RepeatMasker track in human hg19 coordinates, we found a total of 595,094 MIRs. Comparing with the mouse mm9 coordinates, 104,074 are conserved between human and mouse. Previously, 7,771 circRNAs were identified from RNA-seq data of foreskin cells ([@bib9]). Using this dataset, we identified 846 circRNA candidates with conserved inverted intronic MIRs within 3,000 nt upstream and downstream of the circularized exons.

From these 846 circRNA candidates, we first eliminated circRNAs with very large precursors (\>5 kb) since these are hard to validate using mini-gene reporters. Among the circRNAs showing ubiquitous expression, we arbitrarily chose five circRNAs as representatives; circCDK8, circSPNS1, circTMEM109, circZYMND8, and circSRGAP2C ([Figure S6](#mmc1){ref-type="supplementary-material"} for the maps with identified MIRs). To test whether biosynthesis of these circRNAs is MIR dependent or not, we made a series of MIR-deleted mini-genes as we had done for ciRS-7 ([Figure 3](#fig3){ref-type="fig"}A). Plasmids expressing these mini-genes were transfected into mouse N2A cells, in which ectopically expressed human circRNAs could be discriminated from the endogenously expressed mouse circRNAs. All five circRNAs were successfully detected from the wild-type mini-genes, and their circular structure was verified by RNase R digestion ([Figure 3](#fig3){ref-type="fig"}B). Deletion of either upstream or downstream MIRs prevented the production of circCDK8 and circSPNS1 ([Figure 3](#fig3){ref-type="fig"}C; MIR-dependent circRNAs) but had no effect on the production of circTMEM109, circZYMND8, and circSPGAP2C (MIR-independent circRNAs).Figure 3Several Other Human MIR-Dependent circRNAs Were Identified(A) Schematic structure of plasmid expressing wild-type (WT) or MIR deletions (Δ5′MIR, Δ3′MIR), which was constructed for five circRNAs. Red and blue triangles indicate the positions of PCR primers to detect circRNA and precursors, respectively.(B) RT-PCR detection of five circRNAs in mouse N2A cells transfected with the plasmids depicted in (A). Total RNA from the cells was treated with (+) or without (−) RNase R to discriminate the circular from the linear structure.(C) Identification of MIR-dependent and MIR-independent circRNAs. RT-PCR analysis of circRNAs and their precursors, expressed from the plasmid types depicted in (A). Total RNA was also quantified by RT-qPCR. The circRNA expression levels were normalized to the expression levels of precursor RNA as controls (circRNA/Precursor). Values are relative to the value of control wild-type clones (WT). Means ± SD are given for three independent experiments (∗∗∗p \< 0.001, ∗∗p \< 0.01).

To confirm this in an endogenous setting, CRISPR-Cas9-mediated editing was applied to delete the MIR elements flanking the circCDK8 ([Figure S7](#mmc1){ref-type="supplementary-material"}A). The effective deletion was confirmed by PCR ([Figure S7](#mmc1){ref-type="supplementary-material"}B). Using RT-qPCR, we observed marked inhibition of circularization when either the upstream or downstream MIR sequences were deleted ([Figure S7](#mmc1){ref-type="supplementary-material"}C).

MIR-MIR Base-Pairing Stability Is Critical for circRNA Generation {#sec2.5}
-----------------------------------------------------------------

MIRs are an older SINE family than *Alu*s (∼130 versus ∼60 million years ago), and MIR elements have often become truncated during this time ([@bib10]). In agreement with this history, the length distribution of MIRs is much broader than that for the *Alu*s ([Figure 4](#fig4){ref-type="fig"}A). We assumed that such truncations in MIRs would cause instability of the MIR-MIR base pairing required for efficient circRNA production.Figure 4Biosynthesis of MIR-Dependent circRNAs Likely Depends on Stable Pairing between Highly Conserved MIRs(A) The length distribution for MIRs is broader than for *Alu*s. The bin width used in the histogram is 20 nt. A broken line indicates the median length.(B) The verified MIR-dependent circRNAs have MIRs with near-consensus features. Boxplot of SW alignment scores of all reported MIRs, three MIR-dependent circRNAs, and three MIR-independent circRNAs (∗∗∗p \< 0.001; ∗∗p \< 0.01). See [Figure S6](#mmc1){ref-type="supplementary-material"} for each SW score of these MIRs.(C) The verified MIR-dependent circRNAs have longer MIRs than those of MIR-independent circRNAs. Boxplot of the MIR lengths of all reported MIRs, three MIR-dependent circRNAs, and three MIR-independent circRNAs (∗∗∗p \< 0.001; ∗p \< 0.05).(D) We identified 846 circRNAs (left bar) that have inverted MIRs within 3,000 nt of the circRNA-producing exon. Among these circRNAs, 528 circRNAs had MIRs with SW score \>250 (middle bar) and 66 circRNAs had MIRs with SW score \>500 (right bar).(E) MIR-dependent circRNAs are not characterized by the flanking intron length. Boxplot shows the flanking intron lengths (nt) of the circRNAs (from the groups shown in D).(F) MIR-dependent circRNAs are not characterized by the expression levels of circRNAs. Boxplot shows the spliced reads per billion mapping of the circRNAs (from the groups shown in D).(G) MIR-dependent circRNAs are not characterized by the conservation rate. The orthologous circRNAs found in both human and mouse were identified as "conserved" circRNAs and the number was calculated. Bar graph shows the ratio of the conserved and non-conserved circRNAs (from the groups shown in D).(H) MIR-dependent circRNAs are characterized by the thermal stability, suggesting that inverted MIRs with higher SW scores facilitate circularization through stable MIR-MIR pairing. Boxplot shows the thermal stabilities (--kcal/mol) of inverted MIRs of the circRNAs (from the groups shown in D), which are calculated by the RNAup program (∗∗∗p \< 0.001; ∗∗p \< 0.01).(I) MIR-dependent circRNAs are characterized by the relative length of the MIRs. Boxplot shows the MIR length of the circRNAs (from the groups shown in D) (∗∗∗p \< 0.001).

To test this hypothesis, we evaluated the integrity of MIRs located around MIR-dependent and MIR-independent circRNAs by comparing them with the MIR consensus sequence using a Smith-Waterman (SW) alignment score ([@bib23]). As predicted, MIRs of MIR-dependent circRNAs had markedly higher alignment scores than those of MIR-independent circRNAs ([Figures 4](#fig4){ref-type="fig"}B and [S6](#mmc1){ref-type="supplementary-material"} for the individual score of all MIRs). We also observed that the MIRs of MIR-dependent circRNAs are significantly longer than those of MIR-independent circRNAs ([Figure 4](#fig4){ref-type="fig"}C).

Using these criteria of the SW alignment score, we estimated the number of MIR-dependent circRNAs from our identified 846 circRNAs with flanking inverted MIRs. We found that 528 and 66 circRNAs have higher SW scores than 250 and 500, respectively ([Figure 4](#fig4){ref-type="fig"}D). The high MIR-SW scores (573--1,077; [Figures 3](#fig3){ref-type="fig"}C and [S6](#mmc1){ref-type="supplementary-material"}A and the legend) seen for the experimentally confirmed MIR-dependent circRNAs suggest that these 66 circRNAs (\>500 MIR-SW scores) are all likely to be biosynthesized by an MIR-dependent pathway. Then we analyzed these two sets of circRNAs (SW \> 250 and SW \> 500) in relation to length of the flanking intron ([Figure 4](#fig4){ref-type="fig"}E), the expression level ([Figure 4](#fig4){ref-type="fig"}F), the conservation rate ([Figure 4](#fig4){ref-type="fig"}G), and the thermal stability of MIR-MIR pairing ([Figure 4](#fig4){ref-type="fig"}H). The comparisons demonstrate that these two sets of circRNAs (SW \> 250 and SW \> 500) can be well characterized by the thermal stability. Together, circRNAs with higher SW alignment scores can form more stable MIR-MIR pairing ([Figure 4](#fig4){ref-type="fig"}H), which might be attributed to the relatively long length of MIRs ([Figure 4](#fig4){ref-type="fig"}I). To validate this notion, the 5′ MIR of the ciRS-7 expressing plasmid was shortened by stepwise trimming from the 5′ end ([Figure 5](#fig5){ref-type="fig"}A) and the ciRS-7 generation was examined ([Figures 5](#fig5){ref-type="fig"}B and 5C). The ciRS-7 generation was gradually decreased from the deleted MIR length of 191 nt (51--241), 141 nt (101--241), and 51 nt (190--241), indicating that the efficient back-splicing requires at least 200 nt length of the inverted MIRs, which is exactly consistent with the MIR length distribution of MIR-dependent circRNAs ([Figure 4](#fig4){ref-type="fig"}C).Figure 5Shortening the Flanking MIRs Reduces circRNA Biosynthesis(A) Schematic structures of MIR-deleted ciRS-7-expression plasmids. The numbers indicate the lengths of the deleted 5′ MIR elements.(B) Generation of ciRS-7 from reporters, with various MIR lengths, in transiently transfected ciRS-7 knockout HEK293 cells. Total RNA extracted from DOX-treated cells was analyzed by Northern blotting. 28S rRNA was detected by ethidium bromide staining as a control. The band corresponding to ciRS-7 is indicated on the left (see [Figure 2](#fig2){ref-type="fig"}B legend for the upper products).(C) ciRS-7 formation was also quantified by RT-qPCR. Expression levels were normalized to the level of precursor RNA (ciRS-7/Precursor) and plotted as ratios to the value of control wild-type (WT) plasmid-expressing cells. Therefore, these quantified results do not exactly match up to the apparent view of Northern data in (B). Means ± SD are given for three independent experiments (∗∗∗p \< 0.001, ∗∗p \< 0.01, ∗p \< 0.05).

The predicted complementarity of inverted MIRs of all six selected circular RNAs together with three *Alu*-dependent circRNAs revealed that the MIR-MIR base pairings of MIR-dependent circRNAs are generally more stable than those of MIR-independent circRNAs, although not so much as those of *Alu*-dependent circRNAs ([Figure S8](#mmc1){ref-type="supplementary-material"}). We experimentally tested the efficiency of the flanking MIRs and *Alu*s elements in generating ciRS-7 using heterologous ciRS-7 expressing plasmids ([Figure 6](#fig6){ref-type="fig"}). Notably, the insertion of heterologous *Alu* elements (derived from circHIPK3 intron) in the ciRS-7 expression construct supported even weaker back-splicing activity compared with the original ciRS-7 construct ([Figure 6](#fig6){ref-type="fig"}), suggesting that not only the stability of base pairing but also the combination between flanking inverted sequences and the ciRS-7 exon affects in the efficiency of circularization. Together, we conclude that a subset of mammalian circRNAs contains evolutionally conserved, flanking, and inverted MIRs that mediate circularization via stable pairing.Figure 6The Flanking Inverted Repeats and the ciRS-7 Exon Are Cooperative in ciRS-7 Circularization(A) Schematic structures of chimeric ciRS-7-expressing reporters with heterologous flanking repeated elements. The indicated heterologous MIR and *Alu* elements were inserted in flanking introns of the ciRS-7 expressing plasmid (used in [Figure 1](#fig1){ref-type="fig"}B). The ciRS-7 expressing plasmid with ∼800-nt flanking inverted elements ([@bib6]) was used for comparison.(B) Generation of ciRS-7 from reporters, with heterologous flanking repeated elements, in transiently transfected ciRS-7 knockout HEK293 cells. Total RNA extracted from the transfected cells was analyzed by Northern blotting. 28S rRNA was detected by ethidium bromide staining as a control. Produced ciRS-7 and linear RNA are indicated on the left (see [Figure 2](#fig2){ref-type="fig"}B legend for the linear products).(C) ciRS-7 formation was also quantified by RT-qPCR. Expression levels were normalized to the level of precursor RNA (ciRS-7/Precursor) and plotted as ratios to the value of control WT-MIRs plasmid-expressing cells. Therefore, these quantified results do not exactly match up to the apparent view of Northern data in (B). Means ± SD are given for three independent experiments (∗∗∗p \< 0.001).

Discussion {#sec3}
==========

We and others first characterized the circular RNA ciRS-7 as a regulator of a specific miRNA, miR-7 ([@bib6]; [@bib16]). Here, we describe the biosynthetic pathway for this important circRNA. Circular ciRS-7 is formed via a back-splicing process that is facilitated by flanking inverted sequences derived from MIR, a conserved mammalian SINE. Furthermore, we identified MIR-derived elements that are associated with a number of circRNAs and promote back-splicing and circularization, illustrating a distinct subset of mammalian circRNAs whose formation is driven by MIRs but not by *Alu*s.

Previous Results Are Consistent with the MIR-Dependent Back-Splicing of ciRS-7 {#sec3.1}
------------------------------------------------------------------------------

Previous ciRS-7 back-splicing assays used reporter plasmids that include the endogenous flanking genomic sequence, 1 kb upstream and 0.2 kb downstream of the ciRS-7 exon ([@bib6]). This reporter could not produce ciRS-7, consistent with the fact that the inverted MIRs required for back-splicing are located ∼3.0 kb and ∼0.6 kb away from the 3′ and 5′ splice sites of ciRS-7 exon, respectively.

The genomic structure around the ciRS-7 precursor has been independently reported ([@bib2]). In agreement with our analysis, this study showed that the promoter region of ciRS-7 overlaps an upstream long non-coding transcript (LINC00632 locus), suggesting that the ciRS-7 precursor is a long non-coding RNA ([@bib2]). The BAC clones obtained (185 and 200 kb) cover from the promoter of this non-coding transcript (LINC00632) to far downstream of the ciRS-7 exon and they were found to produce mature ciRS-7. The rationale is that these two BAC clones include upstream and downstream MIRs that are essential for ciRS-7 generation as we showed here.

MIR-Dependent Back-Splicing Is Widely Utilized for Mammalian circRNA Biosynthesis {#sec3.2}
---------------------------------------------------------------------------------

The direct back-splicing pathway is commonly used to generate circRNA in metazoans, and flanking inverted elements were shown to promote this event (reviewed in [@bib25]). Although non-repetitive complementary sequences were reported to promote particular back-splicing events in human and fruit fly ([@bib27]; [@bib13]), *Alus* are major players in the biosynthesis of human circRNAs ([@bib9]; [@bib27]) because of their abundance (∼10% in human genome; [@bib19]). However, the *Alu*-SINEs are relatively young elements (∼60 million years) and exist only in primates. MIR-SINEs are much older (∼130 million years) and globally functional in mammals ([@bib14]), making it likely that MIRs are commonly used in the biosynthesis of mammalian circRNAs.

Owing to their age, many MIR sequences have lost their 5′ and 3′ regions, reducing their potential to form complementary duplexes, whereas the more recently emerged *Alu* sequences have remained more complementary to one another. An earlier study found that short complementary sequences (30--40 nt) in the inverted *Alu* elements are required to support efficient back-splicing ([@bib15]). According to this criterion, the MIR-independent circRNAs may not have to possess complementary sequences longer than 30 nt. Notably, the difference between MIR-dependent and MIR-independent circRNAs was reflected in the predicted secondary structures of their MIR sequences ([Figure S8](#mmc1){ref-type="supplementary-material"}). We assume that other types of flanking complementary elements with the possible aid of RNA-protein interactions may explain the formation of these MIR-independent circRNAs (reviewed in [@bib25]).

In human, it is possible that the MIR-dependent circRNAs are also flanked by more stable inverted *Alu* elements. Indeed, we found that 24 of all 66 MIR-dependent circRNAs (including circCDK8) are flanked by inverted *Alu* elements. Nevertheless, the CRISPR-Cas9-mediated deletion of only either the 5′ or 3′ MIR element was sufficient to prevent its circularization. We assume that inverted *Alu*-*Alu* pairing within either upstream or downstream flanking introns could prevent inverted *Alu*-dependent back-splicing as reported previously ([@bib27]) and we found that is exactly the case in 12 MIR-dependent circRNAs.

MIR Deletion Could Be an Effective Way to Investigate Function of Targeted circRNA {#sec3.3}
----------------------------------------------------------------------------------

Our bioinformatics analysis identified 66 circRNAs with conserved flanking MIRs with high complementarity (SW score \>500), and these are thus expected to be formed via an MIR-dependent pathway. As the representative of these, we verified that circCDK8 and circSPNS1, as well as ciRS-7, were indeed generated through flanking inverted MIR elements.

The host genes of these MIR-dependent circRNAs, circCDK8 and circSPNS1, have important biological roles. CDK8 kinase is a component of the Mediator kinase complex that regulates transcription by RNA Polymerase II (reviewed in [@bib5]). The SPNS1 protein is a putative lysosomal H^+^-carbohydrate transporter that is required for autophagy ([@bib22]; [@bib21]; and references therein). Since exon circularization via back-splicing and linear mRNA production via authentic splicing from the same pre-mRNA are mutually exclusive events in back-splicing pathway (see [Figure S1](#mmc1){ref-type="supplementary-material"}A), circRNA formation could potentially regulate the expression of the host gene ([@bib1]; reviewed in [@bib25]).

To examine the unknown functions of these MIR-derived circRNAs, it is essential to knock out the target circRNA while retaining the host gene expression, or the normal spliced mRNA. Previously, it was shown that the CRISPR-Cas9-mediated deletion of an intronic complementary element successfully blocked circRNA formation without any effect on the linear mRNA splicing ([@bib28]). Therefore, we will take advantage of the detected MIRs to specifically attenuate circRNA expression using the CRISPR-Cas9 technique. Our investigation of the phenotype in the MIR-targeted knockdown cells will shed light on the biological and physiological functions of circCDK8 and circSPNS1.

Limitations of the Study {#sec3.4}
------------------------

We demonstrate the biosynthetic pathway of the functionally important circRNA, ciRS-7 (CDR1as). The essential back-splicing process is facilitated by flanking inverted elements of MIR but not by those of the previously known primate-specific *Alu* repeats. Our bioinformatics analysis suggests that the MIR-dependent biosynthesis applies to a large number of circRNAs but a full experimental validation for the entire subset remains to be performed.

Resource Availability {#sec3.5}
---------------------

### Lead Contact {#sec3.5.1}

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Akila Mayeda (<mayeda@fujita-hu.ac.jp>).

### Materials Availability {#sec3.5.2}

This study did not generate new unique reagents.

### Data and Code Availability {#sec3.5.3}

This study did not generate/analyze datasets/code.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.

Supplemental Information {#appsec2}
========================

Document S1. Transparent Methods, Figures S1--S8, and Table S1
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